ABSTRACT: Post-traumatic osteoarthritis (PTOA) development is often observed following traumatic knee injuries involving key stabilising structures such as the cruciate ligaments or the menisci. Both biomechanical and biological alterations that follow knee injuries have been implicated in PTOA development, although it has not been possible to differentiate clearly between the two causal factors. This review critically examines the outcomes from pre-clinical lapine and ovine injury models arising in the authors' laboratories and differing in severity of PTOA development and progression. Specifically, we focus on how varying severity of knee injuries influence the subsequent alterations in kinematics, kinetics, and biological outcomes. The immediate impact of injury on the lubrication capacity of the joint is examined in the context of its influence on biomechanical alterations, thus linking the biological changes to abnormal kinematics, leading to a focus on the potential areas for interventions to inhibit or prevent development of the disease. We believe that PTOA results from altered cartilage surface interactions where biological and biomechanical factors intersect, and mitigating acute joint inflammation may be critical to prolonging PTOA development. ß
More than 40% of patients that suffer a traumatic knee injury will develop post-traumatic osteoarthritis (PTOA). 1 PTOA is a degenerative disease of articular joints that results in the irreversible destruction of hyaline cartilage. Through persistent pain and eventual loss of joint functioning, advanced PTOA reduces quality of life and places the patient at greater risk for the development of comorbidities. 2, 3 Thus, prevention of the initiation of PTOA has become an area of intense research.
The knee joint is an organ system composed of multiple tissues that function in harmony to provide fluid, stability, and pain free articulation of boney surfaces during movement. 4 When a joint is compromised following traumatic injury, the system is disrupted, placing the joint at risk for further injury. For instance, rupture of the anterior cruciate ligament (ACL) places the joint in a state of relative instability and, if left untreated, can result in damage to joint tissues culminating in high risk of PTOA. 5 ACL reconstruction (ACL-R) surgery does not reliably prevent PTOA, despite the restoration of relative joint stability. 6, 7 Further, although many patients exhibit PTOA after ACL-R, not all do.
In PTOA development, it is becoming more evident that the biomechanical and biological mechanisms are not independent, 8 but their relationship is complex and partially dependent on injury severity. In this review, we will provide evidence from our research program and those of others to support the hypothesis that after injury to the knee, changes in "biomechanics" and "biology" are closely related and meet at the cartilage surface in a pathological interaction that, over time, results in the destruction of articular cartilage and enhanced PTOA risk. We have focused on injuries of varying severity to the joint and the subsequent PTOA-like changes, and whether they are limited or progressive. We have aimed to develop surgically induced PTOA models that can help interrogate the important question: Is it primarily biology or primarily biomechanics, or a combination of both? Some injury models evoke biological responses with little to no alteration in kinematics, while others induce modest alterations, and still others severe alterations to joint stability. Initially, we tested the impact of joint injury with lapine PTOA models. More recently, we have focused on the ovine model as it allows us to examine kinematic and kinetic alterations concomitant with the biological alterations. induced models. Surgical induction/destabilization is an established technique for inducing PTOA, 12 and includes injuries to the ACL (complete or partial transection [Tx] ), meniscus (meniscal destabilization, meniscal Tx, or meniscectomy [Mx] ), or use of combination surgery (ACL/medial collateral ligament Tx [ACL/ MCL Tx], ACL Tx with or without Mx, and MCL Tx with or without Mx). 9, [13] [14] [15] [16] An advantage of these models is that they have predictable disease onset and progression. 13 Specific advantages of the ovine model include the ability to predictably reproduce PTOA pathology after knee injury, ability to analyze gait alterations, animal size for tissue and fluid collection, and potential for IA therapeutic intervention. 13, 17 Our long-term objective is to understand, and then target and control, both the biomechanical and biological factors that are interfering with the functional restoration of knee integrity over time after an injury. The PTOA models in Table 1 and Figure 1 , listed by degree of hypothesized kinematic stability, are our contributions towards this field of work. These models help provide insight into teasing apart the biological and biomechanical mechanisms involved with PTOA development and progression. The models aim to isolate the effect of various parameters by changing only one, recognizing that others change as a consequence in the interplay between biomechanics and biology. All animal models were approved by University of Calgary Animal Ethics Committee.
Controls
Sham models have been used as the surgical control to isolate the specific effects of the surgery. Sham surgery can result in transient gross OA joint damage, which resolves over time and is temporary and reversible, 18, 19 thus it is essential to have a sham to ensure the observed differences are attributed to the treatment/surgery. Also, we have studied contralateral uninjured limbs to compare potential side-to-side differences in altered weight bearing and systemic effects within the same animal.
Drill Model
To delineate the impact of biology from biomechanics in PTOA development, we developed a surgical procedure designed to investigate aspects of human ACL-R surgery that may result in PTOA. Specifically, this surgical injury mimicked the widely used surgical practice of drilling holes into the bone during ACL-R surgery, but did not impact the stabilizing ligaments. 20 Two 1.1 mm holes in the lapine model or one 3.2 mm hole in the ovine model are drilled into the non-weight bearing femoral notch using a drill guide. 20 Bleeding from the bone into the joint space resulted in an upregulation of inflammatory cytokines and degradative proteinases in the knee joint tissues, and the induction of PTOA-like changes to the cartilage within 9 weeks. 20, 21 Similar results were quantified when the drill injury was applied in the ovine model, although the ovine stifle joint appeared to develop a greater level of gross morphological changes than the lapine. Together, these studies implicate the inflammation associated with the bleeding into the joint space from the surgically induced joint damage is a key component in PTOA development.
Idealized ACL Reconstruction Model
The "idealized" ACL-R model aims to represent the "best case scenario" of ACL-R surgery by using the best graft material, the animal's own ACL, disturbed at only one insertion. The reasoning behind developing this model was to maintain the pre-injury biomechanics as best as possible and isolate the biological factors of PTOA progression. In this model, the native ACL is cored out at the femoral end and immediately reattached in its original location. 22 This model therefore eliminates some confounding factors such as variations in the graft attachment site, graft tension, and the use of non-ligamentous graft material. Although the transient acute inflammatory phase resolved, gross PTOAlike features were observed in ACL-R joints at 20 weeks after surgery. 22 Partial ACL Transection Model Partial ACL ruptures make up between 10-28% of all ACL tears. 23 The rationale for using a partial ACL Tx model was to stimulate a partial ACL rupture and study the effects of anterior-medial (AM) band Tx. 24 Although partial ACL ruptures are common and clinically relevant, 23, 25 only a handful of studies have used partial ACL Tx animal models 15, 16 and none that we are aware of have studied the impact of partial ACL Tx on PTOA development or progression. In this model, the AM band of the ACL is arthroscopically transected mid-substance through the full thickness, perpendicular to its long axis. The biological and biomechanical analysis of the ovine partial ACL Tx model has again shown individual sheep-specific alterations in knee kinematics, with concomitant alterations in molecular regulation in the synovium, infrapatellar fat pad (IPFP), and cartilage.
ACL Transection Model
ACL ruptures are common injuries with a poor prognosis leading to the development of PTOA in the long-term. [26] [27] [28] ACL Tx is the most common model used to study PTOA; it creates relative joint instability, mimics the isolated rupture of an ACL, and results in definite biomechanical abnormalities. [29] [30] [31] In this model, the ACL is arthroscopically transected midsubstance through the full thickness, perpendicular to its long axis. 30 Lateral Meniscectomy Model Meniscal injuries are highly prevalent and often treated by arthroscopic meniscal debridement or Mx. 32 Mx increases the relative risk for PTOA in humans sixfold 33, 34 and in animal models has been 18 Beveridge et al. 49 Beveridge et al. 53 Barton et al. 68 2) Gross morphological cartilage Heubner et al. 82 Heard et al. 21 2) Histology 2) Synovial membrane thickening with 76 Heard et al. Atarod et al. 29 Atarod et al. 31 Atarod et al. 30 Atarod et al. 38 Beveridge et al. 49 Beveridge et al. 53 Barton et al. 68 2) Gross morphological cartilage Frank et al. 18 Tapper et al. 17 Tapper et al. 94 Funakoshi et al. 40 Beveridge et al. 49 Beveridge et al. 53 458 BARTON ET AL. validated to lead to PTOA. [35] [36] [37] The Mx model is used to study biomechanical destabilization and biological changes to the contact surfaces. In the lateral Mx model, the meniscal horns and meniscofemoral ligament were transected, and the meniscus was removed. 38 Lateral Mx results in an increase in stifle abduction and medial tibial translation and, consistent with previous reports, considerable lateral gross damage in comparison to shams. 38 
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ACL/MCL Transection Model
A grade III injury of the MCL usually heals without surgical intervention, as a provisional blood clot scaffold forms and leads to a vascular scar. 39, 40 However, the ACL often requires ACL-R to restore the biomechanical function of the knee joint. 41 Combined ACL/MCL Tx was chosen to simulate the significant joint instability that is commonly observed clinically. In this model, the MCL was sharply transected at the joint line and the ACL was sharply transected midsubstance via parapatellar arthrotomy. 40 The ACL/ MCL Tx model allows us to study significant kinematic alteration and patterns of ligament healing. 40 We have used the above models to study the two main drivers of PTOA, biomechanics and biology, studying biology primarily, biomechanics primarily, or the combination. Taken together, these models have moved our research program from studying individual structures to studying the knee as an organ system to optimize functional and structural knee joint integrity.
KINEMATIC ALTERATIONS FOLLOWING JOINT INJURY
Although there is no universally accepted definition for mechanical instability, the term is intended to refer to significant, or practically relevant, changes in knee joint kinematics from normal states. As we measure kinematic abnormality as a surrogate for the possible biomechanical changes within the joint, we will refer to "mechanical instability" and "abnormal mechanical loading" as "kinematic abnormality" henceforth. In addition to the understanding that kinematic abnormality is the root cause of PTOA, 42 Andriacchi et al. 43 initially proposed a widely accepted mechanism in which kinematic abnormality is cited as the root cause of PTOA. They speculated that, as a result of kinematic abnormality, the contact locations of joint surfaces are shifted to areas that are not adapted to support increased load, resulting in increased friction and shear forces at the cartilage-cartilage interface. Understandably, this mechanism has provoked substantial interest in the determination of altered joint kinematics after knee injury. However, more recently these authors have identified the interplay between biology, function, and structure to be key in the mechanisms of PTOA. 8 It has been reported that ACL deficient ovine, 29 canine 44 and human models 45, 46 and combined ACL/ MCL deficiency in ovine, 18 caprine, 47 and human models 48 results in varying magnitudes of change in anterior and medial-tibial translation, inferior-superior translation as well as abduction-adduction and internal-external rotations. The latter, for example, appears to be more significant for human models 43, 48 than ovine models.
Some studies have investigated the effect of kinematic abnormality on articular surface interaction. By coupling surface geometry with kinematic data and defining a region of close tibiofemoral proximity, researchers have been able to estimate contact areas and locations in normal joints in ovine, 49 canine, 50 and equine models. 51 After Mx, the locations of minimum tibiofemoral proximity were observed to shift laterally and anteriorly, corresponding to locations of cartilage damage. 52 Taken together, these studies demonstrate that kinematic abnormalities accompany joint injury and are associated with PTOA development. Importantly, it is reasonable to accept that articular surface interaction throughout gait changes following injury. In the ACL/MCL Tx model, 18 there was kinematic abnormality in the anterior-posterior and medial-lateral degree of freedom (DOF), best correlated with worse cartilage composite scores. However, in-depth inspection of kinematic data reveals that the changes within individual DOF do not necessarily correlate with cartilage composite scores, thereby highlighting the inability of kinematic change alone to predict PTOA onset or progression. In extension to conventional kinematic data analyses, an investigation deriving and studying tibiofemoral centroid velocity 49 demonstrated that although lateral compartment velocity was significantly higher in the ACL/MCL Tx, as compared to the Mx group, the cartilage composite score was much higher in Mx group. Further to this, proximity disturbance is a measure created to describe by how much and how far the relative positions of the bones change during gait. In studying this new measure, we have shown that with ACL/MCL Tx, proximity disturbance was significantly elevated relative to Mx and shams, and of the kinematic measures assessed, correlated best with cartilage damage. 53 Lastly, inter-animal variations in kinematics and PTOA severity occur with the same knee injury (ACL Tx 30 or ACL/MCL Tx 18 ), additionally supporting the premise that kinematics does not on its own initiate PTOA progression. 
KINETIC ALTERATIONS FOLLOWING JOINT INJURY
Coincident with kinematic abnormality post-injury is kinetic abnormality, which provides an additional piece of mechanical information linked to PTOA progression. Due to the difficulty of direct measurement of forces, many previous studies have relied on analytical or finite element approaches. 54, 55 However, these numerical techniques do not accurately represent the three-dimensional motion of joints, include the subject-specific tissue material properties, or include the tissue zero-strain lengths. Since subtle changes in joint kinematics can result in significant changes in the loads, 56 these models may report inaccurate kinetic observations, emphasizing the need for direct measurement. Strain gauges are the most common direct method of measuring forces, 57 but a combination of robotic systems and a force torque sensor 57, 58 have also been used to directly measure force with increased accuracy and reliability.
Using robotic systems, it has been reported that ACL deficiency results in increased in situ MCL force during quasi-static external loading in a caprine model. 59 Using 6-DOF subject-specific in vivo kinematics and reproduction of those kinematics in vitro via a parallel robotic manipulator, significant inter-subject variability was noted in tissue loads in an ACL Tx model, with generally increased in situ MCL and decreased in situ posterior cruciate ligament (PCL)/ lateral cruciate ligament (LCL) loads. 29 In the same model, 31 ACL Tx results in a significant increase in both medial and lateral meniscus loads during mid stance of the gait cycle. Knowing that ACL deficiency increases anterior tibial translation, we would expect MCL load to increase and LCL load to decrease under static loading because of the secondary and primary functions of the MCL and LCL, respectively, on restraining anterior tibial translation.
While this is true to some extent, inconsistencies exist. For example, after ACL Tx, MCL loads have been shown to increase in some subjects, and decrease in others. 29 Possible explanations for the high degree of variability that exists between subjects are differences in functional adaptation of other joint tissues after injury, natural tissue properties, bony geometry, and neuromuscular control. Regarding anterior tibial translation in particular, in addition to the ACL, other components (MCL, LCL, iliotibial band, hamstrings, soleus, and gluteus maximus, etc.) have a role in limiting this motion. ACL deficiency results in adaptation of these tissues to compensate for the function of the ACL, thereby changing the loads carried by these tissues. 60 PTOA indicators were observed in all ovine models where kinetic abnormality was induced.
In brief, previous research investigating joint kinetics before and after injury has demonstrated changes in the loading regimes of joint tissues and contact loads. It should be noted that these changes are subject-specific and that PTOA ensues after injury. 29, 31 Furthermore, load changes can be induced by comparatively small kinematic changes. 56, 61, 62 Kinetics alone, however, cannot inform on either the load path or stress distribution generated by the relative movement of joint surfaces and thus cannot predict the progression of PTOA by itself.
LUBRICATION ALTERATIONS FOLLOWING JOINT INJURY
The frictional forces transmitted across the articulating surfaces are a function of the lubricating ability of the synovial fluid, and descriptive of the interaction between the two surfaces. Synovial fluid constituents contribute independently, and in combination, to boundary lubrication at the articular cartilage-cartilage interface. 63 A decrease in the boundary lubricating ability of a joint following injury, and subsequent inflammation, has been shown to produce greater friction that results in surface damage in murine, 64 cavine, 65 and ovine 66 models. The inflammation associated with joint injury results in altered concentrations of synovial fluid constituents, particularly hyaluronan (HA) and proteoglycan 4 (PRG4). These alterations correspond to an increase in the coefficient of friction between joint surfaces and a reduction of the protective, anti-wear properties of the synovial fluid. As demonstrated by our ovine models, there was poor cartilage lubricating ability early after injury (2-4 weeks post-injury), 67 which returned to normal by 20 weeks post-injury.
67,68
BIOLOGICAL ALTERATIONS ASSOCIATED WITH JOINT INJURY
Inflammation strongly impacts the health of the soft tissues within the injured knee joint, and chronic inflammation has been associated with OA. [69] [70] [71] [72] Arthroscopic investigation has revealed that synovitis can be observed in up to 50% of OA patients. 73 Upon activation in an inflammatory environment, there is a cascade of molecular changes that result in up-regulation of the gene expression of cytokines and matrix metalloproteinase's (MMPs), contributing to the breakdown of the articular cartilage, 74 thus compromising the joint environment.
We have observed inflammation of the synovium at early time points following both the drill and ACL-R surgical injuries. 20, 75, 76 Up-regulated mRNA levels for degradative proteinases were also noted in the cartilage at 2 weeks post-surgery. 76 Exposure to postsurgical inflammation can compromise synovial stem cells, thus potentially affecting their ability to contribute to endogenous repair post-injury. 77 We have also assessed the IPFP and observed a distinct inflammatory response (with increased cellularity and early fibrosis) at both 48 hours and 9 weeks post-surgery, 78 thereby suggesting that this tissue is effected by, and potentially contributes to a compromised joint environment.
PTOA DEVELOPMENT FOLLOWING KNEE INJURY
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EARLY THERAPEUTIC INTERVENTION TO ALLEVIATE THE CONSEQUENCES OF KNEE INJURY
Management of knee injuries may follow surgical or non-surgical routes, and decisions regarding the course of treatment are dependent on multiple factors: site of injury, severity, potential for PTOA development, mechanical instability, pain, and patient activity level. 79 Generally, an extra-articular ligament has the potential to heal on its own and no surgical interventions are recommended, unless the injury is very severe or is associated with an ACL injury. 79 ACL-R is the standard practice to restore joint stability, however it does not reliably prevent PTOA. 80, 81 The extended inflammatory phase following injury and surgery, or some other unintended subtle mechanical alteration, does not restore knee integrity. 5 Although ACL injuries often lead to PTOA in many patients, there are no disease modifying strategies that are employed at the early stages to prevent its onset. Most therapeutic options reported in the literature focus only on relieving the symptoms (i.e., pain).
Recognising inevitable PTOA development following knee injuries, we have tested the efficacy of early IA interventions with corticosteroids in an animal model of PTOA as a proof of concept. 21, 82 Inflammation was mitigated with dexamethasone in studies that investigated the efficacy of repeated doses following surgery 82 and single treatments at the time of surgery. 21 Dexamethasone was found to reduce the expression of inflammatory cytokines and prevent the early PTOAlike changes quantified in the untreated joints. A recent study 83 demonstrated that early IA immunosuppression mitigated the injury-induced increase of collagen fragments in a porcine ACL Tx model and a review recently highlighted the use of IA injections of dexamethasone soon after injury to prevent PTOA. 84 These results clearly demonstrate the need to intervene early following knee injuries to reduce inflammation and prevent the initiation of knee degeneration.
The catabolic environment resulting from injury and inflammation diminishes the lubricating capacity of the synovial fluid leading to increased friction. 85 IA injections with HA are a standard intervention for increasing the lubricating ability of the joint fluid and for providing a protective coat for the cartilage surfaces. 86 Interestingly, a study proposed that corticosteroids were more effective in the early phases to reduce the pain while the HA interventions were effective for managing pain for longer periods and at later time points. 86 Exogenous HA enhances the production of chondrocyte HA and proteoglycan synthesis and by reducing pro-inflammatory mediators and MMPs. 87 Further, the beneficial effects of exogenous HA are best observed with a high molecular weight HA. 88 Also, single IA injection of PRG4 into the joint of an ACL injury murine model has shown that cartilage degradation can be reduced. 89 Without this intervention, inflammation may initiate excessive loss of PRG4 from the surface of the cartilage. 90, 91 Although these studies reported positive outcomes for lubrication, no improvement in the OARSI scores for cartilage were reported, suggesting a need for additional interventions. Lastly, it has been reported that PRG4 and HA can synergistically interact to reduce the coefficient of friction in vitro. 92 Taken together, these studies suggest the need for multi-factorial therapeutic tactics to diminish the multitude of mechanical and biological alterations that are observed in the inflammatory phase following injury (Fig. 2) . Could early intervention possibly alleviate the development of PTOA or delay the consequences of progression? It remains to be determined whether these therapeutic approaches can improve the mechanical alterations (dependent on the severity of relative kinematic stability) that play a major role in cartilage aberration and PTOA development, or perhaps surgical intervention may be needed to correct mechanical instability while treating the biological components.
CONCLUSIONS AND FUTURE DIRECTIONS TO RESTORE FUNCTIONAL AND STRUCTURAL KNEE INTEGRITY
Through the use of preclinical ovine and lapine models, we have shown that models of relatively limited kinematic change (e.g., the drill and ACL-R models) led to an acute inflammatory response in the joint, and resulted in significant PTOA-like changes. As these models did not lead to detectable kinematic alterations, it would appear that biological responses alone are not only sufficient to generate PTOA, but may "set the stage" for future joint insults that contribute to PTOA progression. More invasive surgical injuries to the joint, specifically to the ACL (e.g., partial ACL Tx, ACL Tx, and ACL/MCL Tx), lead to both biological/inflammatory and abnormal kinematics. Overloading injuries, namely Mx, also led to rapid and progressive PTOA. To fully understand the mechanisms of PTOA onset in injury models that created abnormal joint kinematics variables, such as cartilage velocity, cartilage stress, and cartilage-cartilage interactions must also be investigated as they are likely playing substantial roles in the disease development.
Due to the complexity and feasibility of the animal work, there are limitations in the research that can be conducted ranging from sample size to available metrics. For instance, in our studies muscle function is not measured and could provide valuable insight in the interpretation of abnormal kinematics. Also, there are physiological differences between the species we study, and those that we someday hope to improve their health. For example, in the quadruped ovine model, the meniscus is quite large and may play a more substantial role in joint stability than in humans, especially during weight bearing. Furthermore, the ovine studies listed above only have 2 distinct time points after injury: 2 and 20 weeks. There is still a need to study the rate of progression by looking at other time points. Currently, we are addressing a longer-term PTOA time point (40 weeks) after partial ACL Tx.
Based on the information provided from our models assessed to date, we believe that PTOA is exacerbated at the cartilage surface where biological and biomechanical factors intersect. There is a need to modify acute joint inflammation (as our and others' research establishes this as the likely point of initiation of the disease process) using doses of glucocorticoids (as the proof of concept treatment) immediately after injury to test the efficacy of this intervention in attenuating or preventing onset/progression of PTOA. If we are able to effectively mediate acute inflammation that is known to result in catabolic upregulation after injury, the joint may maintain its cartilage lubricating ability, stability, and improved joint homeostasis following a meniscal repair or ACL-R. It may be critical to mitigate the acute inflammatory response before subtle pathological changes result in chronic inflammation, in which it is potentially more difficult to intervene successfully. Future research will focus on the natural history of PTOA progression and treatment, conducting further studies on early interventions, determining the most effective way to mediate inflammation during healing, and elucidating cartilage surface interactions by measuring cartilage stress and sliding velocity.
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